Abstract The microbial community in a biological phosphorus removal process under different electron acceptor conditions was estimated by polymerase chain reaction-denaturing gradient gel electrophoresis (PCR-DGGE) assay and principal-component analysis (PCA). For this purpose, a lab-scale sequencing batch reactor (SBR) fed with municipal wastewater was operated under anaerobic -aerobic, anaerobicanoxic -aerobic and anaerobic-anoxic conditions. The results of PCR-DGGE targeting the 16S rRNA gene indicated a significant shift in the microbial community with electron acceptor conditions. From the 16S rRNA-based PCA, the microbial shift implies that little oxygen supply caused the deterioration of aerobic bacteria, including aerobic polyphosphate-accumulating organisms (PAOs). Moreover, it also reflects the existence of nitrate-utilizing denitrifiers. On the other hand, although the band patterns of DGGE targeting a functional gene of denitrification (nirS) also showed the microbial shift, the result of PCA differed from that of 16S rRNA-based analysis. There is no conclusive proof that the bacteria represented as the dominant bands detected in the present study are denitrifying-PAOs so far, it should be worthwhile to identify the detected bacteria and to examine their traits as new denitrifying-PAO candidates.
Introduction
In activated sludge systems, polyphosphate-accumulating organisms (PAOs) are responsible for biological phosphorus removal. Since PAOs take up phosphate (to accumulate it as polyphosphate) much more than that normally required for their growth, the storage process is commonly referred to as enhanced biological phosphorus removal (EBPR) (reported by Seviour et al., 2003) . Over the past decade, a considerable number of studies has been conducted on the characterization of PAOs by using molecular methods. For instance, the double-staining approach which combines fluorescence in situ hybridization (FISH) with 4,6-diamidino-2-phenylindole (DAPI) staining has been developed and applied by several researchers (Crocetti et al., 2000; Liu et al., 2001) . The results showed that a few kinds of bacteria (e.g. Accumulibacter-related group, a novel group of Gammaproteobacteria and Actinobacteria) accumulated polyphosphate in EBPR sludge. However, it is necessary to note that they examined sludge cultivated under well-controlled anoxic-aerobic (AO) conditions. Although the cultivation could make the microbial community easy to analyze, it also made the community too simple and artificial to compare with actual processes.
From this viewpoint, the effect of the electron acceptor condition is one of the most important questions in examining actual EBPR processes, especially in regard to nitrogen removal. Kerrn-Jespersen and Henze (1993) suggested that a part of PAOs (denitrifying-PAOs) could utilize both oxygen and nitrate as electron acceptor while the others could utilize oxygen only. Since the concern with denitrifying-PAOs has been growing because of their advantages in simultaneous denitrification and EBPR (Kuba et al., 1996) , the characterization of denitrifying-PAOs deserves careful attention. In fact, several studies have been made on the effect of nitrate on the microbial community of EBPR. Dabert et al. (2001) reported that the same microbial community could utilize both oxygen and nitrate by single strand conformation polymorphism (SSCP) assay. It was suggested that the Accumulibacter-related group was a denitrifying PAO candidate on the basis of PCR-DGGE assay (Ahn et al., 2002) and double staining (Zeng et al., 2003) . However, it must be noted that they also examined sludge fed with acetate as the main carbon source. If acetate was very selective for the microbial community, the effect of nitrate could have been masked.
It follows from what has been said thus far that even the distinction between the candidates of denitrifying-and aerobic-PAOs is still controversial. As the first step in order to characterize denitrifying-PAOs, therefore, we will concentrate on whether the community of EBPR sludge fed with municipal wastewater is affected by electron acceptor conditions. In the present study, we operated a lab-scale sequencing batch reactor (SBR) under anaerobic-aerobic (AO), anaerobic -anoxic-aerobic (A2O), and anaerobic -anoxic (A2) conditions for this purpose. The microbial shift was analyzed by PCR-DGGE assay with primer sets targeting both the 16S rRNA gene and nirS gene. Since the nirS gene codes for nitrite reductase, it has been brought to our attention as a tool for the analysis of denitrifying bacteria (Braker et al., 1998) . The objective is to estimate the microbial shift detected as band patterns under different electron acceptor conditions.
Materials and methods

Reactor setup and operation
The experiments were carried out in a lab-scale SBR fed with municipal wastewater (Figure 1 ). It was operated with a cycle time of 6 h in a temperature-controlled room (around 20 8C). The operational conditions (referred to as AO, A2O, and A2, respectively) are summarized in Table 1 . The AO operation is quite similar to actual EBPR systems except for the inhibition of nitrification. On the other hand, the A2O and A2 are experimental systems with nitrate or nitrite addition to establish ideal electron acceptor conditions. The sludge should utilize nitrate followed by oxygen in the A2O operation, while it should utilize only nitrate or nitrite in the A2 operation. The reactor had a full working volume of 6L and an initial volume of 3L before a new cycle starts after the draw period of the previous cycle ends. The overall hydraulic retention time was 12 h, and overall sludge retention time was approximately controlled at 14 days. The pH was controlled at around 7.2 by addition of 1N sulfuric acid. The inoculation sludge for the experiments was obtained from a pseudo AO process operating on municipal wastewater in Tokyo, Japan.
Chemical analysis
The MLVSS and total phosphorus were analyzed according to the standard methods (APHA, 1995) . Nitrate, nitrite, and phosphate were measured by ion chromatography DX-AQ with AS12A column (DIONEX). TOC was measured by TOC-500 (Shimadzu).
Microbiological analysis
The total DNA was extracted by using the FastDNA SPIN Kit For Soil (Q-BIOgene). PCR amplification of the 16S rRNA gene was carried out with primers 341f (with a GC clamp) and 518r as described by Muyzer et al. (1993) . The thermal program was as follows: 95 8C for 10 min, followed by 30 cycles of 94 8C for 30 s, 53 8C for 30 s, and 72 8C for 30 s, and a final incubation at 72 8C for 10 min. For the nirS gene, amplification was carried out with primers nirS-2f#2 or #3 (with a GC clamp) and nirS-3r#5 or #2 originally designed by Braker et al. (1998) as degenerated primer set 2F-3R (summarized in Table 2 ). For PCR-DGGE assay, Nittami et al. (2003) modified the 2F-3R set as 24 primer sets without degeneration and suggested that only several sets could detect most of denitrifying bacteria from activated sludge. Thus, the two sets which could detect the most bands from a sample of the A2O operation were applied in this study. The thermal program was as follows: 95 8C for 10 min, followed by 30 cycles of 95 8C for 30 s, 67 8C for 40 s, and 72 8C for 40 s, and a final incubation at 72 8C for 7 min. DGGE was performed using the Dcode system (Bio-Rad) at 130 V, 60 8C and 5 h. The gel was stained with Vistra Green (Amersham) for 15 min, and visualized on FluorImager 595 (Amersham). For the DGGE profiles, the intensity and relative position of each band were calculated by software (FragmeNT Analysis, Molecular Dynamics). Principalcomponent analysis (PCA) was carried out for the results by using SPSS 10.0J (SPSS Inc). Moreover, the dominant bands were excised from the DGGE gel and directly reamplified with the same primers. The PCR-DGGE-excision was repeated until the single (Nittami et al., 2003) applied in this study nirS-2f#2
GCCGCCGTC(G)TG(C)AGGAA GC clamp designed by Sheffield et al. (1989) CGCCCGCCGCGCCCCGCGCCCG TCCCGCCGCCCCCGCCCG T. Shoji et al.
band was obtained. For the final PCR products, the sequencing works were performed with a DNA Sequencer SQ5500 (Hitachi) and ThermoSequenase primer cycle sequencing kit (Amersham) in accordance with the manufacturer's instructions.
Results and discussion
Reactor performance
As illustrated in Figure 2a , the sludge had a phosphorus content of 3-7% during most of the experimental period. Moreover, anaerobic phosphate release followed by anoxic (or aerobic) phosphate uptake, in other words, the typical profile of EBPR, was observed ( Figure 2b ). Therefore, it is concluded that the SBR had EBPR activity under each electron acceptor condition. However, the weak influent due to rainfall and the start of nitrite addition could make EBPR deteriorate temporarily.
DGGE analysis of 16S rRNA genes
The results of DGGE targeting the 16S rRNA gene are shown in Figure 3 . The profile suggests that nitrate addition caused a significant change of band patterns. During AO operation, neither dominant nor getting dominant bands were observed with the exception of band-12. On the other hand, during A2O operation, several bands (band-08, -10, -41, -13 and -14) increased their intensity. Although it is reasonable to suppose that the bands derive from denitrifiers, there is no conclusive proof that they derive from denitrifyingPAOs so far. However, the result clearly shows that nitrate addition affected the microbial Table 3a community of EBPR sludge; it should have caused a part of the denitrifiers to proliferate in the EBPR process. Compared with previous studies (Dabert et al., 2001; Ahn et al., 2002) , the microbial shift was much clearer. As mentioned above, one of the most peculiar conditions in this study was the feed of municipal wastewater. Therefore, the cultivation of EBPR sludge with both municipal wastewater (as carbon source) and nitrate (as electron acceptor) would help us to search for new denitrifying PAO candidates. Figure 3 also illustrates the effects of other electron acceptor conditions. During the A2-NO 3 operation, two bands (band-10 and -14) rapidly decreased their intensity while two other bands (band-40 and -65) increased it. This implies that little oxygen supply might affect a part of the denitrifiers. Moreover, the nitrite addition caused two bands (band-13 and -40) to rapidly decrease their intensity while three bands (band-84, -88 and -89) increased it. One possibility is that the operation selectively proliferated not nitrate but nitrite-utilizing denitrifiers. Another possibility is that the resistance to the toxicity of nitrite was the important factor to be kept in the SBR. Although there have been very few attempts that tried to identify PAOs cultivated with nitrite, Hu et al. (2003) and Shoji et al. (2003) suggested that a part of PAOs could utilize nitrite as well as nitrate and oxygen. Therefore, further research on nitrite-utilizing PAOs in addition to nitrate-utilizing PAOs would clarify the microbial ecology of EBPR with nitrogen removal.
DGGE analysis of nirS genes
The results of DGGE targeting the nirS gene are shown in Figure 4 . The images demonstrate that some bands increased or decreased the intensity with operational conditions. This implies that nirS gene-based analysis could also detect the microbial shift in the EBPR sludge with nitrogen removal. Moreover, several bands which increased their intensity under A2O (e.g. band-aa, -ai, -au, -ae, -ta, -ti and -ni) or A2 (e.g. band-ka, -ku and -se) conditions could derive from denitrifying-PAO candidates. On the other hand, it must be noted that some denitrifiers have the nirK gene rather than the nirS gene to code nitrite reductase (Braker et al., 1998) . However, very few attempts have been made at PCR-DGGE targeting the nirK gene except Throback et al. (2004) so far. Since it is demonstrated that nirS-targeting DGGE is an informative tool, further research based on both nirS and nirK will be needed to reveal the microbial ecology of denitrifiers.
Quantitative estimation of the DGGE profiles by principal-component analysis
Principal-component analysis (PCA) of the DGGE profiles provides quantitative information about the microbial shift. Figure 5a clearly shows that the band patterns Table 2) could be classified by each electron acceptor condition. Based on the correlation factors between the components and band intensities, PC1 (28.5% of the variation) mainly represents the increase (e.g. band-40) or decrease (e.g. band-10) at the start of the A2-NO 3 operation. It should also be added that the phosphorus content of the sludge became lower at the same time (see Figure 2a) . Therefore, the deterioration of a significant part of PAOs (obligate aerobic-PAOs) could be one of the most important factors for the microbial shift at the start of the A2 operation. In the same way, PC2 (18.8% of the variation) represents the increase (e.g. band-13) of specific bands from A2O to A2-NO 3 (nitrate adding) conditions, in other words, the existence of nitrate-utilizing denitrifiers. From the comparison of PC1 with PC2, the effect of little oxygen supply could be relatively larger than that of nitrate addition. On the other hand, the results of nirS-based PCA (Figure 5b and c) illustrate a different classification of band patterns. They can be classified into three groups (first two data, from AO to A2-NO 3 except for the two data and A2-NO 2 ) in Figure 5b or three other groups (AO, A2O and from A2-NO 3 to A2-NO 2 ) in Figure 5c . Although the effect of the primer set on microbial analysis deserves careful attention, it is too complicated to be examined in detail here. As mentioned above, it must be noted that the primer sets of the nirS gene are specific only for a part of the denitrifiers while that of the 16S rRNA gene is universal. From the objective of the present study, the specific primer may not serve as a tool to detect the microbial shift consisting of all bacteria. However, the nirS-based PCA also clearly suggested that the electron acceptor conditions could affect the microbial community consisting of denitrifying bacteria.
Phylogenetic affiliation of the sequenced bands
The results of the BLAST search for obtained sequences are summarized in Table 3 . Compared with previous studies on EBPR, one of the notable features is the absence of the Accumulibacter-related sequences based on 16S rRNA gene analysis. They could be detected as a dominant band by PCR-DGGE assay not only under AO conditions but also under A2 conditions (Ahn et al., 2002) . Instead of them, there were Comamonadaceaerelated bacteria (band-08, -10, -65, -88 and -89), a part of Gammaproteobacteria (band-13, -14 and -41), Polyangium-related bacteria (band-12 and -40) and Flavobacterium-related bacteria (band-84). In the case of nirS gene-based analysis, it is difficult to compare the obtained sequences with available data because the database of nirS is much less than that of the 16S rRNA gene. Although the strict characterization based on the sequences are not taken up in this study, it should be worthwhile to identify the detected bacteria and to examine their traits as new denitrifying-PAO candidates.
Conclusions
In this study, the microbial community in a biological phosphorus removal process under different electron acceptor conditions was estimated by PCR-DGGE assay and PCA. The results of DGGE targeting the 16S rRNA gene indicated a significant shift in the microbial community with electron acceptor conditions. From the 16S rRNA gene-based PCA, the microbial shift along PC1 implies that little oxygen supply caused the deterioration of aerobic bacteria. Since the phosphorus content of the sludge became lower at the same time, the deterioration of a significant part of PAOs (obligate aerobic-PAOs) could be one of the most important factors for the microbial shift. On the other hand, the microbial shift along PC2 reflects the existence of nitrate-utilizing denitrifiers. The band patterns of nirS-targeting DGGE also showed the microbial shift. However, the classification of band patterns differed from the result of 16S rRNA-based analysis. Although there is no conclusive proof that the bacteria represented as the dominant bands are denitrifying-PAOs so far, it should be worthwhile to identify the detected bacteria and to examine their traits as new denitrifying-PAO candidates.
